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Abstract
LETSGO (LEnse-Thirring Sun-Geo Orbiter) is a proposed space-based mission involving the
use of a spacecraft moving along a highly eccentric heliocentric orbit perpendicular to the ecliptic.
It aims to accurately measure some important physical properties of the Sun and to test some post-
Newtonian features of its gravitational field by continuously monitoring the Earth-probe range.
Preliminary sensitivity analyses show that, by assuming a cm-level accuracy in ranging to the
spacecraft, it would be possible to test, in principle, the Lense-Thirring effect at a ∼ 10−2 level
over a timescale of 2 yr, while the larger Schwarzschild component of the solar gravitational field
may be sensed with a relative accuracy of about 10−8−10−9 during the same temporal interval. The
competing range perturbation due to the non-sphericity of the Sun would be a source of systematic
error, but it turns out that all the three dynamical features of motion examined affect the Earth-
probe range in different ways, allowing for separating them in real data analyses. The high
eccentricity would help in reducing the impact of the non-gravitational perturbations whose disturb
would certainly be severe when LETSGO would approach the Sun at just a few solar radii. It can
be preliminarily argued that a drag-free apparatus should perform at a 10−8−10−9 m s−2 Hz−1/2
level for frequencies of about 10−7 Hz. Further studies should be devoted to investigate both the
consequences of the non-conservative forces and the actual measurability of the effects of interest
by means of extensive numerical data simulations, parameter estimations and covariance analyses.
Also an alternative, fly-by configuration is worth of consideration.
Keywords: Classical general relativity; Experimental studies of gravity; Experimental tests
of gravitational theories; Main-sequence: intermediate-type stars (A and F); Stellar rotation;
Spaceborne and space research instruments, apparatus, and components (satellites, space vehicles,
etc.)
PACS numbers: 04.20.-q; 04.80.-y; 04.80.Cc; 97.20.Ge; 97.10.Kc; 07.87.+v
1 Introduction
In this paper, we propose a new spacecraft-based
mission, tentatively dubbed LETSGO (LEnse-
1
Thirring Sun-Geo Orbiter). It is mainly, al-
though not exclusively, aimed to accurately mea-
suring the general relativistic gravitomagnetic
field [1, 2, 3] of the rotating Sun through the
Lense-Thirring effect [4] on the highly ellipti-
cal orbital motion of the probe, to be mea-
sured by continuous, accurate ranging from the
Earth. See also [5] for a suggested space mis-
sion for measuring the angular momentum of
the Sun based on a different concept. Indeed,
Davies [5] proposed to use two mutually inter-
communicating probes-not necessarily drag-free-
moving along identical circular heliocentric or-
bits, but in opposite directions to exploit the
resulting net gravitomagnetic time delay [6, 7].
A concept1 somewhat analogous to the one
presented here was proposed in Ref. [8] to test
other non-gravitomagnetic aspects of the gravi-
tational interaction close to the Sun by ranging
with laser and in the X and K bands. For other
proposals concerning the possibility of using the
Sun’s neighborhood to test some aspects of post-
Newtonian gravity, see Refs. [9, 10]. The pro-
posed 6-months SOREL mission [9] was aimed
to measuring the Sun’s quadrupole mass mo-
ment and the general relativistic static compo-
nent of the solar gravitational field with a drag-
free heliocentric probe with a perihelion distance
of about 0.28 AU to be tracked with radio or
laser signals from the Earth; the occurrence of
Sun occultations (super conjunction) would have
afforded to maximize the resulting time delay. In
Ref. [10] Nordtvedt envisaged the use of a sta-
ble clock carried onboard a spacecraft in a very
eccentric solar orbit with a closest approach of
about four solar radii to measure the gravita-
tional red-shift to a part in 106. Actually, re-
1Nonetheless, it also implied the possibility of a direct
impact solar probe.
cent years have seen increasing efforts toward the
implementation of the Planetary Laser Rang-
ing (PLR) technique accurate to about cm level
[11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21].
At present, the existing empirical tests of grav-
itomagnetism performed in the solar system with
either natural or artificial test bodies are few
and not conclusive, especially as far as their to-
tal accuracy is concerned. For a recent, com-
prehensive review see, e.g., Ref. [22]. The team
of the2 Gravity Probe B (GP-B) mission [23],
implemented in the terrestrial gravitational field
with a dedicated orbiting spacecraft, recently re-
ported a direct measurement of another gravito-
magnetic effect, i.e. the Pugh–Schiff precessions
[24, 25] of four cryogenic gyroscopes carried on-
board, in agreement with the predictions of gen-
eral relativity to within 19% [26]. In 1975 it was
proposed by Haas and Ross [27] to measure the
same effect with a drag-free spacecraft orbiting
the Sun. Currently, the major limitation to a
direct measurement of the planets’ orbital pre-
cessions caused by the gravitomagnetic field of
the Sun reside in the accuracy with which they
can be determined from the planetary observa-
tions: indeed, it is nowadays of the same order
of magnitude of the relativistic effects themselves
[22].
In regard to our mission, the direct observable
quantity considered here will be the Earth-probe
range ρ; in principle, also Doppler range-rate
measurements could be considered as well, but
we will not do that in the present paper. We will
look at how gravitomagnetism dynamically af-
fects the range with respect to the standard, well
tested Newtonian and general relativistic3 me-
2See http://einstein.stanford.edu/ on the WEB.
3Here we refer to the so-called gravitoelectric [3], static
component of the gravitational field [28] yielding well
known general relativistic phenomena like the geodetic
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chanics due to the orbital motion of LETSGO4.
To this aim, we will, first, numerically integrate
the equations of motion in cartesian coordinates
of both the Earth and the probe with and with-
out the gravitomagnetic field of the Sun over
a suitable time span ∆t. Then, we will com-
pute the time-dependent difference between the
ranges computed in both the numerical integra-
tions, i.e. with and without the gravitomagnetic
field, in order to obtain a time series for ∆ρLT
representative of the range shift caused by the
solar Lense-Thirring effect [4]. We will repeat
the same analysis also for the non-spherically
symmetric component of the Newtonian gravi-
tational field of the Sun due to its quadrupole
mass moment J2 [32, 33] because it is the major
source of systematic error of gravitational origin;
at present, it is known with a ∼ 10% accuracy
[34, 35].
Basically, the present study is to be intended
just as a preliminary concept analysis, aimed to
set up the scene and to investigate if it is worth
pursuing further, more accurate investigations.
They should include, for example, extensive nu-
merical simulations of the probe’s data in re-
alistic conditions, and their processing supple-
mented by parameter estimation and covariance
inspection to effectively test the actual measur-
ability of the Lense-Thirring effect in the pro-
posed scenario. It should check the level of re-
moval of the signal of interest in estimating dif-
ferent sets of solved-for parameters by varying
the simulated data sets as well. Moreover, also
or de Sitter precession of an orbiting gyroscope [29], and
the Einstein perihelion precession [30]. Several successful
empirical checks exist for them since long ago [31].
4We will not deal with the gravitomagnetic effect on
the propagation of the electromagnetic waves between the
probe and the terrestrial station(s).
the impact of the5 non-gravitational perturba-
tions of thermal origin, certainly not negligible
for an artificial spacecraft moving in a severe en-
vironment like the neighborhood of the Sun, and
the ways to counteract and/or compensate them
[36, 27, 37, 8, 38, 39] should be accurately inves-
tigated in a follow-on of the present study.
Other interplanetary spacecraft-based mis-
sions were proposed in the more or recent past
to accurately measure the Sun’s gravitomagnetic
field by means of its direct effects on the prop-
agation of the electromagnetic waves. They are
the Laser Astrometric Test of Relativity (LA-
TOR) [41], which aims to directly measure the
frame-dragging effect on the light with a ∼ 0.1%
accuracy [42], and the Astrodynamical Space
Test of Relativity Using Optical Devices I (AS-
TROD I) [43], whose goal is to measure the grav-
itomagnetic component of the time delay with a
10% accuracy [44].
We also remark that if one assumes the exis-
tence of gravitomagnetism as predicted by gen-
eral relativity, one can interpret the outcome of
our mission as an accurate measurement, in a
dynamical and model-independent way, of the
angular momentum S of the Sun (see eq. (3)
below). Let us recall that, in the case of a ro-
tating Kerr [45] black hole of mass M , there is a
theoretical upper limit
S(max) =
M2G
c
, (1)
whereG is the Newtonian constant of gravitation
and c is the speed of light in vacuum, so that [46]
S = χg S
(max), |χg| ≤ 1. (2)
If |χg| > 1, a naked singularity without a horizon
would occur, along with the possibility of causal-
5The most important one is the direct solar radiation
pressure.
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ity violations because of closed timelike curves
[47]. Incidentally, we remark that, although not
yet proven, the cosmic censorship conjecture [48]
states that naked singularities cannot be formed
via the gravitational collapse of a body. On the
contrary, it is known that the dimensionless spin
parameter χg of main-sequence stars depends in
a non-negligible way on the stellar mass, and it
can be well |χg| ≫ 1 [49, 50, 51, 52]; for example,
from the analysis in Ref. [53] it can be inferred
that χg ∼ 36 for the star HD15082 (WASP-33)
[54]. Generally speaking, the angular momen-
tum can yield relevant information about the in-
ner properties of stars and their activity. More-
over, it is an important diagnostic for testing the-
ories of stellar formation. The angular momen-
tum can also play a decisive role in stars’ evolu-
tion, in particular towards the higher mass. For
such topics, see Refs. [55, 56, 57, 58, 59, 60]. The
asteroseismology technique [61, 62, 63], based on
the use of all stellar pulsation data, has been
used so far to measure the total angular momen-
tum of the Sun and of some other main sequence
stars [64, 65, 66, 67, 68, 69, 70, 71]. For other de-
terminations, inferred from surface rotation, see
Ref. [72].
Finally, we remark that our mission could also
be used for accurately, dynamically measuring
the solar J2 itself, and the gravitoelectric part of
the general relativistic field of the Sun. In this re-
spect, it could yield greatly improved bounds on
the Parameterized Post-Newtonian (PPN) pa-
rameters β and γ [73] compared to the present-
day ones [31].
2 The dynamical accelerations
The exterior spacetime metric of the Sun can ad-
equately be described within the PPN approxi-
mation [74]. Within such a framework, the gen-
eral relativistic stationary gravitomagnetic field
Bg of a slowly rotating body with proper angu-
lar momentum S is, at great distance r from it,
[1, 75, 76]
Bg = −
G
cr3
[S − 3 (S · rˆ) rˆ] , (3)
where rˆ is the unit position vector directed from
the body to a point in space outside it, and the
central dot · denotes the usual scalar product
between three dimensional vectors. Notice that
eq. (3), which can also be thought as arising
from a weak-field, linearized version of the Kerr
metric, exhibits an azimuthal symmetry, i.e. it
is the same in all planes containing S. The grav-
itomagnetic field of eq. (3) affects a test particle
moving with velocity v with respect to the ro-
tating body through a non-central, Lorentz-like
acceleration6 [77]
ALT = −2
(
v
c
)
×Bg, (4)
which is analogous to the one felt by a mov-
ing electric charge in a magnetic field in the
framework of the Maxwellian electromagnetism;
here the central cross × denotes the usual vec-
tor product between three dimensional vectors.
Helioseismology yields7, on average, [64, 65, 66,
67, 68, 69, 70, 71]
S = 1.92 × 1041 kg m2 s−1 (5)
for the Sun, with an uncertainty at a percent
level or less, so that eq. (4) can be viewed
6The general relativistic multiplicative factor 2 in eq.
(4) corresponds to 1 + γ in PPN formalism.
7Incidentally, it implies for the Sun’s dimensionless
spin parameter χg = 0.2.
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as a tiny perturbation of the usual Newtonian
monopole acceleration
AN = −
GM
r2
rˆ, (6)
where M is the mass of a solar-type main-
sequence star (GM⊙ = 1.327×10
20 m3 s−2 [78]).
Concerning the Schwarzschild-type gravito-
electric, static component of the solar gravita-
tional field, the test particle acceleration induced
by it can be modeled as [74, 77]
A1PN =
GM
c2r3
[(
4GM
r
− v2
)
r + 4 (r · v) v
]
(7)
at 1PN level in general relativity8, where r is
the position vector of the test particle with re-
spect to the Sun. Its magnitude is larger than
ALT, but, as already stated, several predictions
of eq. (7) were successfully tested with a vari-
ety of techniques: as a consequence, γ and β are
nowadays known at a 10−5 − 10−4 level [31].
In principle, a 2PN term of order O(c−4) ex-
ists as well [79, 80, 81, 82]. However, we will not
consider it since its effects are completely negligi-
ble. Suffice it to say that the general relativistic
2PN secular precession of the perihelion ω of a
test particle orbiting M is [81]
ω˙2PN ∼
3(GM)2n
c4a2(1− e2)2
, (8)
where a is the semi-major axis, e is the eccen-
tricity and n
.
=
√
GM/a3 is the Keplerian mean
motion.
The first even zonal harmonic coefficient J2
[32, 33] of the multipolar expansion of the non-
spherically symmetric part of the Newtonian
8In the PPN formalism the termsGM/r, v2 and (r · v)
in eq. (7) are multiplied by 2 (β + γ), γ and 2 (1 + γ),
respectively.
gravitational potential of the Sun accounting for
its oblateness according to
Uobl = −
GM
r
J2
(
R
r
)2
P2 (k · rˆ) , (9)
where P2 is the Legendre polynomial of degree 2,
R is the solar equatorial radius, and k is a unit
vector along the Sun’s rotational axis, yields the
following classical perturbing acceleration9 [83]
Aobl =∇Uobl =
−
3J2R
2GM
2r4
{[
1− 5 (rˆ · k)2
]
rˆ + 2 (rˆ · k)k
}
.
(10)
For the Sun it is [78, 35]


J2 = 2× 10
−7,
R = 6.96× 108 m = 0.00465 au,
k = {0.12,−0.03, 0.99}.
(11)
Concerning k, we adopted a Sun-centered frame
K with the mean ecliptic and equinox at J2000.0
epoch as reference {xy} plane and x direction,
respectively; the values of its components in eq.
(11) come from the fact that the right ascension
α0 and declination δ0 of the Sun’s north pole
of rotation with respect to the mean terrestrial
equator at J2000.0 are α0 = 286.13 deg, δ0 =
63.87 deg [84], respectively, and the obliquity of
the Earth’s equator to the ecliptic at J2000.0 is
ε = 23.439 deg [85]. The vectors r,v, and their
scalar product r ·v entering eq. (7) and eq. (10)
refers just to K. The impact of the other Sun’s
9The nabla operator ∇ is a symbolic vector whose
components are the partial derivatives ∂/∂xi, i = 1, 2, 3
with respect to the spatial coordinates xi, i = 1, 2, 3.
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even zonals of higher degrees is negligible. At
present, there are evaluations only for the sec-
ond even zonal harmonic coefficient J4, whose
magnitude should be of the order of 10−7 as well
[40]: its dynamical effect is completely negligi-
ble with respect to AJ2 because of an additional
multiplicative factor (R/r)2.
In principle, there is also a variety of general
relativistic orbital effects of order O(c−2) per-
taining J2 [86, 87]. However, they are all negli-
gible since they are of the order of [86, 87]
Arel obl ∼
(
GM
c2a
)
Aobl. (12)
The uncertainties in physical parameters of
the Sun like its gravitational parameter µ
.
= GM
and its equatorial radius R are of no concern
since the resulting mismodeling in the general
relativistic signals of interest is negligible. In-
deed, it is [35]
σµ = 1× 10
9 m3 s−2 (13)
corresponding to a fractional uncertainty in µ as
small as
σµ
µ
= 7× 10−12. (14)
Concerning R, it turns out that the fractional
uncertainty in it can be evaluated to be of the
order of [88, 89, 90]
σR
R
∼ 10−4 − 10−5. (15)
An application of the figures in eq. (14) and eq.
(15) to those listed in Table 1, Table 2, and Table
3 clearly shows how the resulting biased signa-
tures are negligible with respect to the Lense-
Thirring ones.
As a final remark, it is important to stress that
the relative accuracy of about 10−2 with which
S⊙ is presently known from helioseismology im-
plies that the accuracy of a LETSGO-based test
of the Lense-Thirring effect could not be bet-
ter than such a figure, even if the mission design
and the technological capabilities would allow, in
principle, to obtain a better measurement preci-
sion.
3 Numerical analysis
Let us assume that a probe is launched from the
Earth with a geocentric velocity v
′
p with a mag-
nitude almost equal to v⊕, in such a way that its
heliocentric velocity vp has a magnitude smaller
than the terrestrial one. Here we neglect prac-
tical considerations concerning how to actually
implement such an orbital insertion: it could also
be assumed that the probe is launched with a dif-
ferent velocity, and it is finally brought to such
a configuration by means of subsequent orbital
maneuvers and/or one or more flybys with other
planets. Anyway, if at a given epoch vp < v⊕,
then the probe will follow a more eccentric ellip-
tic path with respect to the terrestrial one which
will bring it very close to the Sun, depending on
vp. Concerning the direction of vp, it must not
necessarily coincide with that of v⊕: it can be
suitably chosen in order to enhance the relativis-
tic effects of interest with respect to the classical
ones acting as disturbing biases.
In Figure 1 we depict the nominal
Schwarzschild and Lense-Thirring range
signals ∆ρSch, ∆ρLT, and the mismodeled
J2 dynamical range perturbation ∆ρJ2 for a
probe’s elliptical path with a = 0.51 au and
e = 0.92. The integration time chosen is ∆t = 2
yr. We assumed a launch height of 200 km
with respect to the Earth’s surface. Table 1
summarizes the main quantitative features of
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Figure 1: Differences ∆ρSch, ∆ρLT, and ∆ρJ2 , in m, of the numerically integrated Earth-probe
ranges with and without the nominal general relativistic Schwarzschild and Lense-Thirring pertur-
bations (top and middle panels), and the classical dynamical perturbation due to the mismodeled
even zonal harmonic J2 (bottom panel). A 10% mismodeling in J2 was adopted. The initial condi-
tions are common to both the perturbed and un-perturbed integrations. For the Earth they were
retrieved from the WEB interface HORIZONS by NASA JPL at epoch J2000.0. The initial state
vector of the probe p is xp0 =
(
1 + d/r⊕0
)
x⊕0 , y
p
0 =
(
1 + d/r⊕0
)
y⊕0 , z
p
0 =
(
1 + d/r⊕0
)
z⊕0 , x˙
p
0 = 0, y˙
p
0 =
0, z˙p0 = 0.28v
⊕
0 ; it corresponds to a
p
0 = 0.51 au, e
p
0 = 0.920, I
p
0 = 90 deg. We used d = R⊕ + h,
with the launch height given by h = 200 km. The time span is ∆t = 2 yr. The minimum distance
of the probe from the Sun turns out to be rpmin = 0.0385 au = 8.29R.
the three signatures investigated. By assuming
a cm-level accuracy in ranging to LETSGO,
the nominal gravitomagnetic effect would be,
in principle, detectable with an accuracy of
about one part per10 1, 000 − 10, 000, while the
larger Schwarzschild shift would be detectable
10The actual accuracy of a Lense-Thirring test would
be set by eq. (5) affecting its theoretical prediction.
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Table 1: Peak-to-peak maximum amplitude |∆ρ|max, mean 〈∆ρ〉 and variance σ∆ρ, in m, of the
range signals of Figure 1 caused by the general relativistic nominal effects (Schwarzschild and
Lense-Thirring), and by the mismodeled classical perturbation due to the Sun’s first even zonal
coefficient J2, assumed to be known at a 10% level. The integration interval is ∆t = 2 yr. The
minimum distance reached by the probe is 8.29 solar radii.
Dynamical orbital effect |∆ρ|max (m) 〈∆ρ〉 (m) σ∆ρ (m)
Schwarzschild 1, 688, 683.4 40, 057.7 282, 599.0
Lense-Thirring 108.1 4.5 24.5
J2 (δJ2/J2 = 0.1) 359.2 −13.5 81.5
at a 10−8 − 10−9 level. It is important to
notice that the temporal patterns of the three
time series are different, so that they could be
more easily separated with standard filtering
techniques (Kalman filtering, etc.), especially
as far as the Lense-Thirring and the J2 signals
are concerned. It is important since they are
about of the same order of magnitude, being
the mismodeled classical effect 3 − 4 times
larger than the gravitomagnetic one. From
the practical point of view, it is important to
notice that the minimum distance from the
Sun is 8.29 solar radii. It is similar to the one
of the NASA mission11 Solar Probe Plus [91],
recently approved and scheduled for a launch
in 2018, which should reach a closest distance
of 8.5 solar radii, thus facing a temperature of
2000◦ Celsius. We remark that LETSGO would
certainly benefit from the studies conducted
for such a mission, especially as far as the
non-gravitational forces are concerned [92]. As
a preliminary remark, we notice that the high
value of the eccentricity of LETSGO would be
11See http://solarprobe.jhuapl.edu/ on the WEB. It
aims to understand how the solar corona is heated and
how the solar wind is accelerated.
helpful in greatly reducing the impact of the
non-gravitational perturbations [93]. At the mo-
ment, the spacecraft which came closest to the
Sun so far is the Helios-2 spacecraft [94], which
reached a minimum distance of 0.29 au = 63.2R
in 1976. As a naive, order-of-magnitude eval-
uation, it may be argued that a hypothetical
drag-free device for LETSGO should be able
to counteract non-gravitational accelerations
down to a12 ∼ 10−8 − 10−9 m s−2 Hz−1/2 level
for orbital frequencies of the order of ∼ 10−7
Hz in order to achieve a ∼ 10−3 measure-
ment. As a comparison, the performance of
the LISA drag-free apparatus should be less
than [95, 96] 10−15 m s−2 Hz−1/2 down to
10−4 Hz. As a rough order-of-estimate of
the magnitude of the perturbing acceleration
due to the Solar radiation pressure, it can
be posed ASRP ∼ 10
17 kg m s−2r−2 (Σ/m),
where 1017 kg m s−2 is the approximate value
of the Solar radiation constant, and Σ/m
is the area-to-mass ratio of LETSGO. For
12The orbital period of LETSGO would be Porb = 133
d, corresponding to a frequency νorb = 9 × 10
−8 Hz.
The maximum value of the LETSGO’s nominal Lense-
Thirring acceleration, experienced at perihelion, would
be as large as ALT ∼ 2× 10
−10 m s−2.
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rpmin = 4.31R (Figure 2, Table 2), it yields
AmaxSRP ∼ 1 × 10
−2 kg m−1 s−2 (Σ/m); for
rpmin = 12.67R (Figure 3, Table 3), it is
AmaxSRP ∼ 1× 10
−3 kg m−1 s−2 (Σ/m).
The dependence on the initial velocity vp0 is
particularly relevant, and it can, in principle, be
suitably tuned in order to improve the practi-
cal feasibility of the mission, especially as far as
the severe conditions encountered at so close dis-
tances from the Sun are concerned. For example,
it can be shown that by choosing vp0 = 0.2v
⊕
0 zˆ
it is possible to obtain a smaller minimum dis-
tance of 4.3 solar radii by enhancing the mag-
nitude of the range signatures as depicted in
Figure 2; see Table 2 for the quantitative fea-
tures of the competing signals. Apart from the
certainly much more severe challenges posed by
the extreme closeness to the Sun’s photosphere,
the scenario of Table 2 is slightly less favorable
than the one in Table 1, especially as far as the
Lense-Thirring effect is concerned. Indeed, the
mismodeled J2 signal would be larger; moreover,
the increase of the gravitomagnetic range shift
in terms of its potential measurability would be
rather modest with respect to the safer scenario
of Table 1. Also the Schwarzschild-to-J2 ratio
would be less favorable. On the other hand,
v
p
0 = 0.35v
⊕
0 zˆ yields a minimum distance of 12.7
solar radii, with the range signals of interest de-
picted in Figure 3: their quantitative features are
summarized in Table 3. It shows a better sce-
nario than Table 1 and, especially, Table 2. In-
deed, given a cm-level accuracy in measuring the
range of the probe, the sensibility to the Lense-
Thirring signal experiences just a small degra-
dation with respect to Table 1, remaining at the
level of 10−3 − 10−4. On the other hand, the
aliasing due to the 10% mismodeling in the J2
signal is about twice the gravitomagnetic one,
i.e. approximately 1.4 − 1.8 times smaller than
in Table 1. The situation for the Schwarzschild
range perturbation is improved as well. Indeed,
while, on the one hand, its measurability would
remain at about 10−8−10−9, on the other hand,
it would be larger than the mismodeled J2 effect
by a factor 2 with respect to Table 1.
It can be shown that the trajectories lying in
the ecliptic plane are less convenient; for this
reason we do not depict figures dealing with such
scenarios.
Given that the ranging accuracy actually ob-
tainable depends on how well the orbit of the
Earth is known, a consideration is in order as far
as the choice of the time interval of the analysis
is concerned. It cannot be too long since, other-
wise, the biasing action of the asteroidal belt on
the Earth would have a non-negligible impact on
its orbital motion [97].
4 Summary and Conclusions
We proposed a new space-based mission, named
LETSGO, aimed to accurately measure some key
physical properties of the Sun by continuously
monitoring the distance between the Earth and
a spacecraft moving along a highly eccentric he-
liocentric orbit. Its data could also be used to
accurately test some post-Newtonian features of
the solar gravitational field, like its gravitomag-
netic component, through their impact on the
orbital motion of the probe.
We just performed a preliminary sensitivity
analysis dealing with only the main gravitational
effects on the probe’s dynamics; actually, we did
not check the effective measurability of the in-
vestigated features of motion by simulating data
points and fitting dynamical models to them.
We took into account neither the impact of the
non-gravitational perturbations nor of the or-
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Figure 2: Differences ∆ρSch, ∆ρLT, and ∆ρJ2 , in m, of the numerically integrated Earth-probe
ranges with and without the nominal general relativistic Schwarzschild and Lense-Thirring pertur-
bations (top and middle panels), and the classical dynamical perturbation due to the mismodeled
even zonal harmonic J2 (bottom panel). A 10% mismodeling in J2 was adopted. The initial condi-
tions are common to both the perturbed and un-perturbed integrations. For the Earth they were
retrieved from the WEB interface HORIZONS by NASA JPL at epoch J2000.0. The initial state
vector of the probe p is xp0 =
(
1 + d/r⊕0
)
x⊕0 , y
p
0 =
(
1 + d/r⊕0
)
y⊕0 , z
p
0 =
(
1 + d/r⊕0
)
z⊕0 , x˙
p
0 = 0, y˙
p
0 =
0, z˙p0 = 0.2v
⊕
0 ; it corresponds to a
p
0 = 0.50 au, e
p
0 = 0.959, I
p
0 = 90 deg. We used d = R⊕ + h, with
the launch height given by h = 200 km. The time span is ∆t = 2 yr. The minimum distance of
the probe from the Sun turns out to be rpmin = 0.020 au = 4.31R.
bital maneuvers. The effects of the aforemen-
tioned post-Newtonian terms on the propagation
of the electromagnetic waves linking the Earth
and LETSGO were neglected as well. Further,
dedicated analyses may treat them in detail.
It turned out that, by assuming an overall cm-
level accuracy in determining the probe’s orbit,
the nominal Lense-Thirring effect on it would be
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Table 2: Peak-to-peak maximum amplitude |∆ρ|max, mean 〈∆ρ〉 and variance σ∆ρ, in m, of the
range signals of Figure 2 caused by the general relativistic nominal effects (Schwarzschild and
Lense-Thirring), and by the mismodeled classical perturbation due to the Sun’s first even zonal J2,
assumed to be known at a 10% level. The integration interval is ∆t = 2 yr. The minimum distance
reached by the probe is 4.31 solar radii.
Dynamical orbital effect |∆ρ|max (m) 〈∆ρ〉 (m) σ∆ρ (m)
Schwarzschild 2, 980, 019.3 30, 744.1 541, 472.0
Lense-Thirring 208.3 9.4 4.0
J2 (δJ2/J2 = 0.1) 1, 231.3 −38.7 288.4
Table 3: Peak-to-peak maximum amplitude |∆ρ|max, mean 〈∆ρ〉 and variance σ∆ρ, in m, of the
range signals of Figure 3 caused by the general relativistic nominal effects (Schwarzschild and
Lense-Thirring), and by the mismodeled classical perturbation due to the Sun’s first even zonal J2,
assumed to be known at a 10% level. The integration interval is ∆t = 2 yr. The minimum distance
reached by the probe is 12.67 solar radii.
Dynamical orbital effect |∆ρ|max (m) 〈∆ρ〉 (m) σ∆ρ (m)
Schwarzschild 1, 275, 165.4 35, 013.4 195, 204.0
Lense-Thirring 67.3 2.9 14.9
J2 (δJ2/J2 = 0.1) 156.1 −6.2 33.1
measurable, in principle, at a 10−3 − 10−4 level,
although the present-day accuracy with which
the Sun’s angular momentum is known sets a
∼ 10−2 limit to a test of the Lense-Thirring ef-
fect. The larger gravitoelectric, Schwarzschild-
type part of the Sun’s field may be detected at
about 10−8 − 10−9 level. The Earth-LETSGO
range would be affected by the Newtonian non-
spherically symmetric component of the solar
field in such a way that it could be accurately
measured as well. We showed that these three
competing dynamical orbital effects have the im-
portant property that their temporal patterns
are quite different, thus facilitating their separa-
tion in data processing and likely a more accu-
rate determination. The choice of the initial he-
liocentric velocity of the probe would be impor-
tant; orbits lying in planes perpendicular to the
ecliptic would be favored with respect to eclip-
tical trajectories. The high values of the eccen-
tricity, which allows for distances of closest ap-
proach to the Sun of just some solar radii, would
allow to greatly reduce the averaged effects of the
non-gravitational perturbations. They should be
counteracted by a hypothetical drag-free appa-
ratus down to a 10−8 − 10−9 m s−2 Hz−1/2 level
for frequencies of about 10−7 Hz. A time span
of just a few years would be needed in order to
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Figure 3: Differences ∆ρSch, ∆ρLT, and ∆ρJ2 , in m, of the numerically integrated Earth-probe
ranges with and without the nominal general relativistic Schwarzschild and Lense-Thirring pertur-
bations (top and middle panels), and the classical dynamical perturbation due to the mismodeled
even zonal harmonic J2 (bottom panel). A 10% mismodeling in J2 was adopted. The initial condi-
tions are common to both the perturbed and un-perturbed integrations. For the Earth they were
retrieved from the WEB interface HORIZONS by NASA JPL at epoch J2000.0. The initial state
vector of the probe p is xp0 =
(
1 + d/r⊕0
)
x⊕0 , y
p
0 =
(
1 + d/r⊕0
)
y⊕0 , z
p
0 =
(
1 + d/r⊕0
)
z⊕0 , x˙
p
0 = 0, y˙
p
0 =
0, z˙p0 = 0.35v
⊕
0 ; it corresponds to a
p
0 = 0.52 au, e
p
0 = 0.875, I
p
0 = 90 deg. We used d = R⊕ + h,
with the launch height given by h = 200 km. The time span is ∆t = 2 yr. The minimum distance
of the probe from the Sun turns out to be rpmin = 0.058 au = 12.67R.
prevent the long-term corrupting impact of the
asteroids on the Earth’s orbital motion.
In conclusion, the scenario outlined for
LETSGO is promising, deserving further investi-
gations. For example, also an alternative fly-by
configuration and Doppler range-rate measure-
ments would be worth of consideration.
12
References
[1] K. S. Thorne, “Gravitomagnetism, Jets in
Quasars, and the Stanford Gyroscope Experi-
ment,” In: J. D. Fairbank, B. S. Deaver, C. W.
F. Everitt, P. F. Michelson (Eds.), Near Zero:
New Frontiers of Physics, W. H. Freeman and
Company, New York, 1988, pp. 573-586.
[2] W. Rindler, “Relativity. Special, General and
Cosmological,” Oxford University Press, Ox-
ford, 2001.
[3] B. Mashhoon, “Gravitoelectromagnetism: A
Brief Review,” In: L. Iorio (Ed.), “The Mea-
surement of Gravitomagnetism: A Challeng-
ing Enterprise,” Nova Publishers, Hauppauge,
2007, pp. 29-39.
[4] J. Lense, and H. Thirring, “U¨ber den
Einfluss der Eigenrotation der Zentralko¨rper
auf die Bewegung der Planeten und Monde
nach der Einsteinschen Gravitationstheorie,”
Physikalische Zeitschrift, 19, 156-163, 1918.
[5] R.W. Davies, “A suggested space mission for
measuring the angular momentum of the sun”.
In: B. Bertotti (Ed.) Proceedings of the In-
ternational School of Physics “Enrico Fermi”.
Course LVI. Experimental Gravitation, Aca-
demic Press, New York-London, 1974, pp.
405-413.
[6] R. Epstein, I.I. Shapiro, “Post-post-
Newtonian deflection of light by the Sun”,
Physical Review D, 22, 2947-2949, 1980.
[7] G.W. Richter, R.A. Matzner, “Second-order
contributions to gravitational deflection of
light in the parametrized post-Newtonian for-
malism”, Physical Review D, 26, 1219-1224,
1982.
[8] I. Roxburgh, J. A. Weightman, “Testing rel-
ativity and gravitational theories by radar
ranging to a heliocentric satellite,” Philosoph-
ical Transactions of the Royal Society London
A, 284, 589-593, 1977.
[9] G. Israel, R. Pacault, E. Roth, J. Schniewind,
I.-F. Croce-Spinelli, S. Larcher, “Testing grav-
itation theories by means of a heliocentric
probe”. In: B. Bertotti (Ed.) Proceedings
of the International School of Physics “En-
rico Fermi”. Course LVI. Experimental Grav-
itation, Academic Press, New York-London,
1974, pp. 425-448.
[10] K. Nordtvedt, “A study of one- and two-
way Doppler tracking of a clock on an arrow
toward the Sun.” In: B. Bertotti (Ed.) Pro-
ceedings of the International Meeting on Ex-
perimental Gravitation, Accademia Nazionale
dei Lincei, Rome, 1977, pp. 247-256.
[11] D. E. Smith, M. T. Zuber, X. Sun, G. A.
Neumann, J. F. Cavanaugh, J. F. McGarry,
T. W. Zagwodzki, “Two-Way Laser Link over
Interplanetary Distance ,” Science, 311, 53,
2006.
[12] J. Chandler, M. Pearlman, R. Reasen-
berg, J. Degnan, “Solar-system dynamics and
tests of general relativity with planetary laser
ranging.” In: J. Garate, J. M. Davila, C.
Noll, M. Pearlman (Eds.) 14th International
Laser Ranging Workshop: Proceedings, Bo-
letin ROA No. 5/2005, Ministerio de Defensa,
Real Instituto y Observatorio de la Armada en
San Fernando, San fernando, 2005, pp. 85-95.
[13] L. Iess, S. Asmar, “Probing Space-Time in
the Solar System: Cassini to BepiColombo,”
13
International Journal of Modern Physics D,
16, 2117-2126, 2007.
[14] S. M. Merkowitz, P. W. Dabney, J. C. Li-
vas, J. F. McGarry, G. A. Neumann, T. W.
Zagwodzki, “Laser ranging for gravitational,
gunar, and planetary science,” International
Journal of Modern Physics D, 16, 2151-2164,
2007.
[15] S. G. Turyshev, J. G. Williams, “Space-
based tests of gravity with laser ranging,” In-
ternational Journal of Modern Physics D, 16,
2165-2179, 2007.
[16] G. Neumann, J. Cavanaugh, B. Coyle, J.
McGarry, D. Smith, X. Sun, M. Torrence, T.
Zagwodski, M. Zuber, “Laser ranging at inter-
planetary distances,” in: J. Luck, C. Moore, P.
Wilson (Eds.) Proceedings of the 15th Interna-
tional Workshop on Laser Ranging, Canberra
Australia, October 2006, EOS Space Systems
Pty Limited, Griffith, 2008, pp. 451-456.
[17] J. Degnan, “Simulating interplanetary
transponder and laser communications exper-
iments via dual station ranging to SLR satel-
lites,” in: J. Luck, C. Moore, P. Wilson (Eds.)
Proceedings of the 15th International Work-
shop on Laser Ranging, Canberra Australia,
October 2006, EOS Space Systems Pty Lim-
ited, Griffith, 2008, pp. 457-462.
[18] J. McGarry, T. Zagwodzki, P. Dabney, P.
Dunn, J. Cheek, “Laser ranging at planetary
distances from SLR2000,” in: J. Luck, C.
Moore, P. Wilson (Eds.) Proceedings of the
15th International Workshop on Laser Rang-
ing, Canberra Australia, October 2006, EOS
Space Systems Pty Limited, Griffith, 2008, pp.
463-467.
[19] J. J. Degnan, “Laser transponders for high-
accuracy interplanetary laser ranging and
time transfer.” In: H. Dittus, C. La¨mmerzahl,
S. G. Turyshev (Eds.) Lasers, Clocks and
Drag-Free Control Exploration of Relativistic
Gravity in Space, Springer, Berlin, 2008, pp.
231242.
[20] M. Zuber, D. Smith, “One-Way Ranging to
the Planets.” In: S. Schillak (Eds.) Proceed-
ings of the 16th International Workshop on
Laser Ranging October 2008, Poznan´, Poland,
Volume 1, Space Research Centre, Polish
Academy of Sciences, Warszawa, 2009, p. 301.
[21] J. Degnan, “Introduction to two-way
transponder technique for ranging and time
transfer,” paper presented at the 17th Inter-
national Workshop on Laser Ranging, Bad
Ko¨tzing, May 16 - 20, 2011
[22] L. Iorio, H. I. M. Lichtenegger, M. L.
Ruggiero, C. Corda, “Phenomenology of the
Lense-Thirring effect in the solar system”, As-
trophysics and Space Science, 331, 351-395,
2011.
[23] C. W. F. Everitt, S. Buchman, D. B. DeBra,
G. M. Keiser, J. M. Lockhart, B. Muhlfelder,
B. W. Parkinson, J. P. Turneaure, and other
members of the Gravity Probe B team, “Test-
ing relativistic gravity in space: gravity probe
B: countdown to launch”. In: C. La¨mmerzahl,
C. W. F. Everitt, F. W. Hehl (Eds.) Gy-
ros, Clocks, Interferometers, Springer, Berlin,
2001, pp. 52-82.
[24] G. E. Pugh, “Proposal for a Satellite Test of
the Coriolis Prediction of General Relativity,”
Research memorandum 11, Weapons System
14
Evaluation Group, the Pentagon, Washing-
ton, DC, 1959. Reprinted in R. J. Ruffini, C.
Sigismondi (Eds.) Nonlinear Gravitodynam-
ics. The Lense- Thirring Effect., World Sci-
entific, Singapore, 2003, pp. 414-426.
[25] L. I. Schiff, “Possible New Experimental
Test of General Relativity Theory,” Physical
Review Letters, 4, 215-217, 1960.
[26] C. W. F. Everitt, D. B. DeBra, B. W.
Parkinson, J. P. Turneaure, J. W. Conklin,
M. I. Heifetz, G. M. Keiser, A. S. Silbergleit,
T. Holmes, J. Kolodziejczak, M. Al-Meshari,
J. C. Mester, B. Muhlfelder, V. G. Solomonik,
K. Stahl, P.W. Worden, Jr., W. Bencze, S.
Buchman, B. Clarke, A. Al-Jadaan, H. Al-
Jibreen, J. Li, J. A. Lipa, J. M. Lockhart, B.
Al-Suwaidan, M. Taber, S. Wang, “Gravity
Probe B: Final Results of a Space Experiment
to Test General Relativity,” Physical Review
Letters, 106, 221101, 2011.
[27] M. R. Haas, D. K. Ross, “Measurement of
the angular momentum of Jupiter and the Sun
by use of the Lense-Thirring effect,” Astro-
physics and Space Science, 32, 3-11, 1975.
[28] K. Schwarzschild, “U¨ber das Gravitations-
feld eines Massenpunktes nach der Ein-
steinschen Theorie,” Sitzungsberichte der
Ko¨niglich Preussischen Akademie der Wis-
senschaften zu Berlin, 189-196, 1916.
[29] W. De Sitter, “On Einstein’s theory of
gravitation and its astronomical consequences.
Second paper,” Monthly Notices of the Royal
Astronomical Society, 77, 155-184, 1916.
[30] A. Einstein, “Erkla¨rung der Perihelbewe-
gung des Merkur aus der allgemeinen Rela-
tivita¨tstheorie” Sitzungsberichte der Ko¨niglich
Preussischen Akademie der Wissenschaften zu
Berlin, 831-839, 1915.
[31] C.W.F. Will, “The Confrontation be-
tween General Relativity and Experiment
” Living Reviews in Relativity, 9, 6,
2006. URL (cited on 13 March 2011):
http://www.livingreviews.org/lrr-2006-3
[32] S. Pireaux, J.-P. Rozelot, “Solar quadrupole
moment and purely relativistic gravitation
contributions to Mercury’s perihelion ad-
vance,” Astrophysics and Space Science, 284,
1159-1194, 2003.
[33] C. Damiani, J.P. Rozelot, S. Lefebvre, A.
Kilcik, A.G. Kosovichev, “A brief history of
the solar oblateness. A review,” Journal of At-
mospheric and Solar-Terrestrial Physics, 73,
241-250, 2011.
[34] A. Fienga, J. Laskar, P. Kuchynka, C.
Leponcin-Lafitte, H. Manche, M. Gastineau,
“Gravity tests with INPOP planetary
ephemerides,” In: S. A. Klioner, P. K.
Seidelmann, M. H. Soffel (eds.) Relativity in
Fundamental Astronomy: Dynamics, Refer-
ence Frames, and Data Analysis Proc. Int.
Astronomical Union, IAU Symposium, Vol.
261, Cambridge University Press, Cambridge,
2010, pp. 159-169.
[35] A. Fienga, H. Manche, P. Kuchynka,
J. Laskar, M. Gastineau, “Planetary
and Lunar ephemerides, INPOP10A,”
http://arxiv.org/abs/1011.4419, 2011.
[36] B. Bertotti, G. Colombo, “Precision mea-
surement of the Sun’s gravitational field by
means of the twin probe method,” Astro-
physics and Space Science, 17, 223-237, 1972.
15
[37] E. A. Roth, “A priori error estimation for
the SOREL mission,” Acta Astronautica, 2,
543-555, 1975.
[38] C. W. F. Everitt, D. B. DeBra, “Comments
on the drag-free control of a solar probe rel-
ativity mission,” in: M. Neugebauer, R. W.
Davies (Eds.) A Close-Up of the Sun, JPL
Publication 78-70, Jet Propulsion Laboratory,
Pasadena, 1978, pp. 60-68.
[39] D. B. Schaechter, D. G. Carta, D. Noon,
J. Parker, D. Sonnabend, “Drag-Free Esti-
mation Feasibility Study. Final Report.” JPL
Publication 80-20, Jet Propulsion Laboratory,
Pasadena, 1980, pp. 1-70.
[40] J. P. Rozelot, C. Damiani, S. Pireaux,
“Probing The Solar Surface: The Oblateness
and Astrophysical Consequences,” The Astro-
physical Journal, 703, 1791-1796, 2009.
[41] S. G. Turyshev, M. Shao, K. L. Nordtvedt,
“The laser astrometric test of relativity mis-
sion,” Classical and Quantum Gravity, 21,
2773-2799, 2004.
[42] S. G. Turyshev, M. Shao, K. L. Nordtvedt,
H. Dittus, C. La¨mmerzahl, S. Theil, C. Sa-
lomon, S. Reynaud, T. Damour, U. Johann, P.
Bouyer, P. Touboul, B. Foulon, O. Bertolami,
J. Pa´ramos, “Advancing fundamental physics
with the Laser Astrometric Test of Relativity
The LATOR mission,” Experimental Astron-
omy, 27 , 27-60, 2009.
[43] W.-T. Ni, “ASTROD and ASTROD
Ioverview and progress,” International Jour-
nal of Modern Physics D, 17, 921940, 2008.
[44] T. Appourchaux, R. Burston, Y. Chen, M.
Cruise, H. Dittus, B. Foulon, P. Gill, L. Gizon,
H. Klein, S. A. Klioner, S. M. Kopeikin, H.
Krueger, C. La¨mmerzahl, A. Lobo, X. Luo, H.
Margolis, W.-T. Ni, A. Pulido Paton, Q. Peng,
A. Peters, E. Rasel, A. Ruediger, E. Samain,
H. Selig, D. Shaul, T. Sumner, S. Theil, P.
Touboul, S. G., Turyshev, H. Wang, Li. Wang,
L. Wen, A. Wicht, J. Wu, X. Zhang, C. Zhao,
“Astrodynamical space test of relativity using
optical devices I (ASTROD I)a class-M fun-
damental physics mission proposal for cosmic
vision 2015-2025,” Experimental Astronomy,
23, 491-527, 2009.
[45] R. P. Kerr, “Gravitational field of a spin-
ning mass as an example of algebraically spe-
cial metrics, ” Physical Review Letters, 11,
237-238, 1963.
[46] S. L. Shapiro, S. A. Teukolsky, “Black
Holes, White Dwarfs and Neutron Stars: The
Physics of Compact Objects,” Wiley-VCH,
Weinheim, 1986.
[47] S. Chandrasekhar, “The Mathematical
Theory of Black Holes”. Oxford Univ. Press,
New York, 1983.
[48] R. Penrose, “Gravitational Collapse: the
Role of General Relativity”, Rivista del Nuovo
Cimento. Numero Speciale, 1, 252-276, 1969.
Reprinted in General Relativity and Gravita-
tion, 34, 1141-1165, 2002.
[49] R. P. Kraft, “Stellar Rotation.” In: H.-Y.
Chiu, R. L. Warasila , J. L. Remo (Eds.), Stel-
lar Astronomy, Vol.2, Gordon & Breach, New
York, 1969, pp. 317-.
[50] R. P. Kraft, “Stellar Rotation.” In: G.
H. Herbig (Ed.), Spectroscopic Astrophysics:
An Assessment of the Contributions of Otto
16
Struve, University of California Press, Berke-
ley, 1970, p. 385.
[51] R. H. Dicke, “The rotation of the Sun.” In:
A. Slettebak (Ed.), Stellar Rotation, Kluwer,
Dordrecht, 1970, pp. 289-317.
[52] D. F. Gray, “The rotation of cool main-
sequence stars,” The Astrophysical Journal,
261, 259-264, 1982.
[53] Iorio, L., “Classical and relativistic node
precessional effects in WASP-33b and perspec-
tives for detecting them,” Astrophysics and
Space Science, 331, 485-496, 2011.
[54] S. Grenier, M.-O. Baylac, L. Rolland, R.
Burnage, F. Arenou, D. Briot, F. Delmas, M.
Duflot, V. Genty, A. E. Go´mez, J.-L. Halb-
wachs, M. Marouard, E. Oblak, A. Sellier,
“Radial velocities. Measurements of 2800 B2-
F5 stars for HIPPARCOS,” Astronomy and
Astrophysics Supplement, 137, 451-456, 1999.
[55] S. P. Tarafdar, M. S. Vardya, “On the vari-
ation of specific angular momentum among
main sequence stars,” Astrophysics and Space
Science, 13, 234-248, 1971.
[56] S. C. Wolff, S. Edwards, G. W. Pre-
ston, “The origin of stellar angular momen-
tum,” The Astrophysical Journal, 252, 322-
336, 1982.
[57] C. Vigneron, A. Mangeney, C. Catala, E.
Schatzman, “Angular momentum transport
in pre-main-sequence stars of intermediate
mass,” Solar Physics, 128, 287-298, 1990.
[58] S. Wolff, T. Simon, “The angular momen-
tum of main sequence stars and its relation
to stellar activity,” Publications of the Astro-
nomical Society of the Pacific, 109, 759-775,
1997.
[59] W. Herbst, R. Mundt, “Rotational evolu-
tion of solar-like stars in clusters from pre-
main sequence to main sequence: empirical
results,” The Astrophysical Journal 633, 967-
985, 2005.
[60] S. Jackson, K. B. MacGregor, A. Sku-
manich, “On the use of the self-consistent-
field method in the construction of models
for rapidly rotating main-sequence stars,” The
Astrophysical Journal, 156, 245-264, 2005.
[61] W. Da¨ppen, W. A. Dziembowski, R.
Sienkiewicz, “Asteroseismology - Results and
Prospects.” In: J. Christiensen-Dalsgaard,
S. Frandsen (eds.), Advances in Helio-and
Asteroseismology. International Astronomical
Union Symposium No. 123, Cambridge Uni-
versity Press, Cambridge, 1988, pp. 233-247.
[62] W. W. Weiss, H. Schneider, “Asteroseismol-
ogy,” The Messenger, 66, 36-40, 1991.
[63] M.J. Thompson, J. Christensen-Dalsgaard,
M.S. Miesch, J. Toomre, “The internal rota-
tion of the Sun,” Annual Review of Astronomy
and Astrophysics, 41, 599-643, 2003.
[64] F. P. Pijpers, “Helioseismic determination
of the solar gravitational quadrupole mo-
ment,” Monthly Notices of the Royal Astro-
nomical Society, 297, L76-L80, 1998.
[65] M.P. Di Mauro, A.L. Murabito, L. Paterno`,
“Mass and angular momentum loss of the
Sun by magnetically driven winds”. In: R.
Pallavicini, G. Micela, S. Sciortino (eds.), Stel-
lar Clusters and Associations: Convection,
17
Rotation, and Dynamos. ASP Conference Se-
ries, Vol. 198, Astronomical Society of the Pa-
cific, San Francisco, 2000, pp. 353-356.
[66] H.M. Antia, S.M. Chitre, M.J. Thompson,
“The Sun’s acoustic asphericity and magnetic
fields in the solar convection zone”, Astron-
omy and Astrophysics, 360, 335-344, 2000.
[67] R. Komm, R. Howe, B.R. Durney, F. Hill,
“Temporal variation of angular momentum in
the solar convection zone”, The Astrophysical
Journal, 586, 650-662, 2003.
[68] F. P. Pijpers, “Asteroseismic determination
of stellar angular momentum,” Astronomy &
Astrophysics, 402, 683-692, 2003.
[69] W. M. Yang, S. L. Bi, “Angular momentum
transport and element mixing in the stellar
interior. I. Application to the rotating Sun”,
Astronomy and Astrophysics, 449, 1161-1168,
2006.
[70] W. M. Yang, S. L. Bi, “Rotation profiles
of solar-like stars with magnetic fields”, Chi-
nese Journal of Astronomy and Astrophysics,
8, 677-685, 2008.
[71] S.L. Bi, T.D. Li, L.H. Li, W.M. Yang, “So-
lar models with revised abundance”, The As-
trophysical Journal Letters, 731, L42, 2011.
[72] W.C. Livingstone, “Sun. Basic Data”, In:
A.N. Cox (ed.), Allen’s Astrophysical Quanti-
ties. Springer, New York, 2000, p. 340.
[73] C. M. Will, K. Nordtvedt Jr., “Conserva-
tion laws and preferred frames in relativistic
gravity I,” The Astrophysical Journal, 177,
757- 1972.
[74] M. H. Soffel, “Relativity in Astrometry,
Celestial Mechanics and Geodesy,” Springer,
Heidelberg, 1989.
[75] K. S. Thorne, D. A. MacDonald, R. H. Price
(eds.) Black Holes: The Membrane Paradigm,
Yale University Press, Yale, 1986.
[76] B. Mashhoon, F. Gronwald, H. I. M. Licht-
enegger, “Testing relativistic gravity in space:
gravitomagnetism and the clock effect.” In: C.
La¨mmerzahl, C. W. F. Everitt, F. W. Hehl,
(eds.) Gyros, Clocks, Interferometers. . . ,
Springer, Berlin, 2001, pp. 83-108.
[77] D.D. McCarthy, and G. Petit: IERS Con-
ventions (2003), Frankfurt am Main: Ver-
lag des Bundesamtes fu¨r Kartographie und
Geoda¨sie, pp. 106, 2004.
[78] C. W. Allen, Astrophysical Quantities,
Athlone Press, London, 1973.
[79] T. Damour, G. Scha¨fer, “Higher-order rel-
ativistic periastron advances and binary pul-
sars,” Il Nuovo Cimento B, 101, 127-176,
1988.
[80] G. Scha¨fer, N. Wex, “Second post-
Newtonian motion of compact binaries,”
Physics Letters A, 174, 196-205, 1993.
[81] N. Wex, “The second post-Newtonian mo-
tion of compact binary-star systems with
spin,” Classical and Quantum Gravity, 12,
983-1005, 1995.
[82] I. Nowak, “Derivation of the post-post-
Newtonian equations of motion for the point
particles by the EIH approximation method
from the Einstein field equations with the
Infeld–Plebanski stress–energy tensor,” Acta
Physica Polonica B, 35, 2019-2050, 2004.
18
[83] J. Vrbik, “Zonal-Harmonics Perturbations,”
Celestial Mechanics and Dynamical Astron-
omy, 91, 217-237, 2005.
[84] P. K. Seidelmann, B. A. Archinal, M. F.
A’Hearn, A. Conrad, G. J. Consolmagno, D.
Hestroffer, J. L. Hilton, G. A. Krasinsky, G.
Neumann, J. Oberst, P. Stooke, E. F. Tedesco,
D. J. Tholen, P. C. Thomas, I. P. Williams,
“Report of the IAU/IAG Working Group on
cartographic coordinates and rotational ele-
ments: 2006,” Celestial Mechanics and Dy-
namical Astronomy, 98, 155-180, 2007.
[85] T. Fukushima, “Report on Astronomical
Constants.” In: H. Rickman (ed.), Highlights
of Astronomy, Vol. 13, International Astro-
nomical Union, Cambridge University Press,
Cambridge, 2002, pp. 107-112.
[86] M. Soffel, R. Wirrer, J. Schastok, H. Ruder,
M. Schneider, “Relativistic effects in the mo-
tion of artificial satellites: the oblateness of
the central body I,” Celestial Mechanics and
Dynamical Astronomy, 42, 81-89, 1988.
[87] J. Heimberger, M. Soffel, H. Ruder, “Rela-
tivistic effects in the motion of artificial satel-
lites: the oblateness of the central body II,”
Celestial Mechanics and Dynamical Astron-
omy, 47, 205-217, 1990.
[88] J. Schou, A. G. Kosovichev, P. R. Goode,
W. A. Dziembowski, “Determination of the
Sun’s seismic radius from the SOHO Michel-
son Doppler Imager,” The Astrophysical Jour-
nal, 489, L197-L200, 1997.
[89] T. M. Brown, J. Christensen-Dalsgaard,
“Accurate determination of the solar photo-
spheric radius,” The Astrophysical Journal,
500, L195-L198, 1998.
[90] M. Takata, D. O. Gough, “The influence
of uncertainties in the Suns radius on inver-
sions for the solar structure.” In: A. Wilson,
P. L. Palle´ (Eds.) Proceedings of the SOHO
10/GONG 2000 Workshop: Helio-and Aster-
oseismology at the Dawn of the Millennium,
ESA SP-464 ESA Publications Division, No-
ordwijk, 2001, pp. 543-546.
[91] D. M. Hassler, “Solar Probe: Mission to
the Sun (Proceedings Paper).” In: S. L. Keil,
S. V. Avakyan (eds.) Innovative Telescopes
and Instrumentation for Solar Astrophysics,
Proceedings Vol. 4853, The Society of Photo-
Optical Instrumentation Engineers (SPIE),
2003, pp. 180-186.
[92] S. B. Strong, T. Strikwerda, “Modeling the
Solar Probe Plus Dust Environment: Compar-
ison with MESSENGER Observations,” ab-
stract #P21A-1202 of the American Geophys-
ical Union, Fall Meeting 2009.
[93] A. Milani, A. M. Nobili, P. Farinella
“Non-Gravitational Perturbations and Satel-
lite Geodesy,” Adam Hilger, Bristol, 1987.
[94] U. D. Desai “Morphological study of the
time histories of gamma-ray bursts,” Astro-
physics Space Science, 75, 15-20, 1981.
[95] B. Lange “Drag-free performance in a LISA
mission with spherical proof masses,” Clas-
sical and Quantum Gravity, 19, 1739-1743,
2002.
[96] N. Ashby, P. L. Bender “Optical clock and
drag-free requirements for a Shapiro time-
delay mission,” Proceedings of Gravitational
Waves and Experimental Gravity. Rencon-
tres de Moriond and GPhyS Colloquium La
19
Thuile, 20-27 March 2011, arXiv:1106.2183,
2011.
[97] E. M. Standish, A. Fienga “Accuracy limit
of modern ephemerides imposed by the un-
certainties in asteroid masses,” Astronomy &
Astrophysics 384, 322-328, 2002.
20
